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ABSTRACT
The coal combustion process simulated employing high-fidelity models in both gas and 
particle phase using an Euleraian formulation of One-Dimensional Model (ODT). The 
coal submodels including vaporization, devolatilization and char oxidation and gasification 
are described and implemented within the ODT framework. Two coal devolatilization 
models: a two-rate model based on the Kobayashi-Sarofim and the Chemical Percolation 
Devolatilization (CPD) are described and implemented. In the gas phase, new formulation 
of an infinitely fast chemistry (flame-sheet) is developed and implemented.
The main aim of this dissertation is to apply ODT model to simulate a large/pilot 
scale coal combustor. To achieve this aim, the models are first challenged in much simpler 
cases. An experiment conducted on single particle combustion in laminar flow is simulated 
to challenge the gas phase and coal submodels. The effects of the thermochemical models 
from the turbulence models are isolated. Ignition delay reported by experiment is applied 
as a metric to measure the accuracy of simulation predictions. The predicted ignition delays 
indicate that simpler Kobayashi-Sarofim and flame-sheet models roughly capture general 
trends present in the experimental data, but fail to provide quantitative agreement. On the 
other hand, the CPD model paired with detailed gas-phase chemistry provides reasonable 
agreement with the experimental observations over all reported conditions.
Oxy-coal combustion is among the promising technologies to reduce greenhouse gas 
emissions for stationary power generation. An oxy-coal combustor located at the University 
of Utah is simulated using the ODT model. Predictions of flame stand-off distance are 
compared with experimental results. The impacts of models complexity and parameters 
as well as system parameters on the flame stand-off prediction and flame stability are 
studied. The influence of gas models, detailed kinetic vs flame-sheet, and devolatilization 
models, CPD vs Kobayashi-Sarofim models on the prediction of flame stand-off distance 
are investigated. Furthermore, the impacts of mixing rate and radiative temperature on 
the flame stability and flame stand-off are studied. Increase in the mixing rate shrinks the 
flame stand-off Probability Distribution Function (PDF) and moves the mode of PDF to 
shorter distances, however, the minimum flame stand-off distance is relatively insensitive
to mixing rate. Impact of radiative temperature on flame stand-off distance is significant 
where an increase in radiative temperature shifts the whole flame stand-off PDF to shorter 
distances and also decreases the width of PDF. Using flame-sheet calculation in the gas 
phase, decreases the flame stand-off PDF width and moves the mode of PDF to shorter 
distances. Nevertheless, the minimum flame stand-off distance is insensitive to use flame- 
sheet model. It is shown that the devolatilization model dictates the minimum flame stand­
off distance.
iv
For years my envoy wandered about the world in quest of the “tree of life” 
which o f none that eats the fruit shall die. But, it is the tree o f knowledge within 
the sage that has its branches and leafs spread all around the world.
-  Rumi
To my parents, 
who taught me the value of knowledge
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Coal as an energy carrier plays an important role in the energy market and promises 
to keep its essential contribution to that market in the future [1]. The modeling of coal 
behavior in the coal combustion process is a further challenge when accounting for the 
fact that coal properties and structure change significantly in this process. Throughout 
this work, coal particle thermochemistry is divided into three subprocesses: vaporization, 
devolatilization and char oxidation/gasification.
The modeling challenge for coal combustion is further complicated by the varying 
properties and chemical structure of different coal types [17], and by the fact that the 
coal properties change significantly throughout a coal particle’s lifetime in a combustor 
[57, 101, 84].
Models for devolatilization vary widely in complexity, with the most sophisticated models 
accounting for the chemical structure of the coal and its effect on the devolatilization process 
[89]. In 1971, a constant value was proposed for the combustion rate of each coal type 
[5]. Arrhenius-form models such as the single-rate [4] and Kobayashi [45] models describe 
devolatilization with a kinetic rate. In 1976, the Distributed Activation Energy (DAE) 
model [3] proposed using a gaussian distribution for the activation energy. Determining the 
parameters for the gaussian distribution were the challenges of this model [70]. Representing 
coal as a collection of functional group including aromatic rings, aliphatic chains and bridges 
and oxygen-carrying groups was a significant step in devolatilization modeling [21, 91]. The 
Chemical Percolation Devolatilization (CPD) model accounts for the thermal decomposition 
of the macromolecular network and accounts for structural variation among various coal 
types [25, 6 , 89], and can accurately describe light-gas evolution from coal devolatilization 
[37]. In this work, the Kobayashi and CPD devolatilization models (representing a relatively 
simple and fairly sophisticated model, respectively) are utilized and their ability to predict 
ignition delay is examined.
Char oxidation and gasification are heterogenous reactions, and are significantly slower
2than the vaporization and devolatilization processes [89, 88]. There are many factors that 
influence the char oxidation, such as coal structure, coal type, the gas-phase environment 
(e.g., oxygen partial pressure) and temperature [61, 52]. The products of char oxidation are 
mainly carbon dioxide and monoxide [56, 95]. A common assumption in coal combustion 
modeling is that char oxidation occurs after the coal particle is fully devolatilized [98, 97]. 
The present study and formulation allow for simultaneous vaporization, devolatilization and 
char oxidation and do not impose any temporal ordering/sequencing of these processes.
The influence of systems parameters such as oxidizer composition and coal rank on 
ignition delay and flame stability have been explored experimentally by several researchers 
[48, 54, 51, 36, 43, 44, 72]. A review on experiments measuring the coal particle ignition 
delay is reported in [11]. In [51], the influence of gas phase temperature and particle size 
on the single particle ignition delay are also considered as parameters. In Chapter 3, the 
ignition delay is employed as a metric to evaluate simulation results where the effect of gas 
phase temperature, coal rank and particle size on ignition delay are studied and compared 
to the experiments conducted by [51].
Among the promising technologies to reduce the greenhouse gasses and CO2 sequestra­
tion in new and existing coal-fired power plants is oxy-coal combustion. In the process 
of oxy-coal combustion, pure oxygen is mixed with recycled flue gas rather than with 
air that combusts with the coal (fuel) providing a low cost option to capture CO2. The 
model required to predict the physics of such a system must address particle dynamics in 
turbulent flow, gas-phase thermochemistry, heterogeneous reactions between the coal and 
gas, devolatilization/pyrolysis, vaporization, radiative heat transfer, etc. The turbulent 
nature of the practical oxy-coal combustor enforces nonlinear coupling across a multitude 
of length and time scales, further complicating the modeling.
Numerous studies on oxy-coal combustion and gasification physics, in particular the 
ignition delay, flame stability and temperature, flame shape, impacts of oxygen and diluent 
have been undertaken[68 , 29, 51, 14]. Various experiments were conducted to measure 
flame stand-off and stability where impacts of coal type and operating conditions such as 
composition of coal transport medium were studied [105, 76]. To understand the ignition 
mechanism in oxy-coal flames, simulation of phenomena employing Computational Fluid 
Dynamics (CFD) can be quite useful. Researchers use this tool to address the influence 
of different parameters such radiative temperature and oxygen concentration, on flame 
stability and ignition point in oxy-coal flames [34].
Applying Direct Numerical Simulation (DNS) with detailed kinetic calculation in the gas
3phase and employing advance coal devolatilization models can help improve understanding 
of ignition and can provide a basis for evaluating simpler models. However, such simulations 
are prohibitively expensive to compute. In this work, an Eulerian formulation of the 
One-Dimensional Turbulence (ODT) model is used. ODT resolves the full range of length 
and time scales of the continuum (as in DNS) but in a single spatial dimension. First 
proposed by [41], ODT has been successfully applied to a variety of turbulent flows, includ­
ing particle-laden flows [80] and turbulence-chemistry interaction [73] including extinction 
and reignition [49]. Several assumptions in ODT are made a priori, with a particularly 
noteworthy assumption that the flow field is statistically one-dimensional (implications of 
this assumption are discussed in [74, 93]). The one-dimensional nature of ODT provides a 
suitable platform to undertake numerical simulation with much lower computational cost 
than DNS. In this work, ODT is used to simulate oxy-coal flames and is evaluated against 
experimental data [105, 77].
The dissertation is arranged as follows: Chapter 2 provides the applied governing 
equations and a general description of models components. In this chapter, conservation 
equations as well as source terms for gas and particle phase will be discussed. In addition, 
a method to exchange source terms between gas and particle phases is suggested. Fur­
thermore, coal submodels including vaporization, devolatilization and char oxidation and 
gasification are elaborated upon. The combustion of single coal particle in laminar flow is 
studied in Chapter 3 where ignition delay is applied as a metric to measure the accuracy of 
simulation predictions. In Chapter 4 the simulation predictions of the oxy-coal combustor 
located at the University of Utah will be analyzed. The flame stand-off distances predicted 
by simulation will be compared with the experiment. The conclusion of this dissertation is 
provided in Chapter 5.
CHAPTER 2
MODELS FORMULATION
“ ... It is typical of these cases that an indeterminacy originally restricted to the atomic 
domain becomes transformed into macroscopic indeterminacy, which can then be resolved 
by direct observation. That prevents us from so naively accepting as valid a blurred model 
for representing reality. In itself, it would not embody anything unclear or contradictory. 
There is a difference between a shaky or out-of-focus photograph and a snapshot of clouds 
and fog banks.”
-Erwin Schrowdinger
The ODT formulation utilized in this dissertation can be divided into two main sections:
1. Gas or carrier phase: a Eulerian formulation of ODT applied to determine the physics 
of the gas phase.
2. Particle or disperse phase: a Lagrangian frame of reference used for individual parti­
cles's trajectories.
The ODT equations formulated through expressions using ExprLib software allows the 
programmer to apply graph theory on the complex algorithm and by simply specifying the 
dependency among expression reduces the level of complexity [66 ]1.
Mathematical expressions are implemented as objects that directly expose data depen­
dencies. Using this approach makes problems with complex dependencies tractable, and 
removes virtually all logic from the algorithm itself. Additionally, it allows the developers 
to commit highly localized changes, without a detailed understanding of any algorithms 
[66].
Detailed description of the phase's formulation are provided in this chapter. Further­
more, the expression graphs produced by test cases of each model are presented. These
1https://software.crsim.utah.edu/trac/wiki/ExprLib
5expression graphs, presented for submodels, provide other developers with the required 
information on the tags and dependencies of the utilized models.
2.1 Gas Phase
A Eulerian formulation of ODT [93] adapted to solve multiphase reacting flows is applied 
in this dissertation. The conservation equations are
I  =  -  dv +  Spm, (2 .1)
dpv dpvv dTyy dP
dt dy dy dy




— TT +  Speo , (2.4)
dpe0 dpe0v dpv dTyy d
dt dy dy dy dy ^ Speo
dt dy dy
where u and v refer to streamwise and spanwise velocities, respectively, mixture-averaged 
approximations are used for diffusive fluxes, and P  is obtained via the ideal gas equation of 
state. Spm, Spv, Spu, Speo and SpYi are interphase exchange terms for mass, y-momentum, 
x-momentum, total internal energy and species, respectively, (see §2.3), and the p subscript 
denotes a particle-phase property. Here, the y-direction is taken as the spanwise direction
2.1.1 Detailed Kinetics Calculation
Cantera software is utilized to calculate gas phase properties as well as reaction rates. 
In the single particle case (chapter 3), the full GRI3.0 mechanism consisting of 53 species 
and 325 reaction is utilized. However, for simulation performed in oxy-coal combustion, 
Chapter 4, a reduced GRI mechanism, consisting of 24 species and 86 reactions is utilized 
[86].
Transport equations are solved for the species, with appropriate phase-exchange source 
terms for the devolatilization, vaporization, and char oxidation models.
62.1.2 Flame-sheet Model
The flame-sheet model assumes an infinitely fast reaction
(2 .6)
where r, and n, are the moles of ith species (except O2) in reactants and flame-sheet product, 
respectively. It is assumed that the products of reaction are CO2 , H2O and N2. The oxygen 
required to consume each species is defined as
& =  (°iC  +  ViH/4  -  c , o / 2 ) i =  species, except O2 (2.7)
where represents stoichiometric oxygen to burn the one mole of species i and a,j is 
the number of element j  in the species i. The stoichiometric oxygen requirement can be 
calculated as
9 =  ^  r,^  i =  species, except O2. (2.8)
The equivalence ratio, $  =  jOO2, is used to determine the products of reaction. In rich 




i =  CO2 
i =  H2O 
i =  N2 (2.9)
ro 2 — 9 i =  O2
otherwise
where Ej  is the amount of element j  provided by the reactants,
E j = ^  r,cij i =  O2 . (2 .10)
Likewise, for rich conditions ($  <  1),
rCO2 +  EC
rH2O +  EH/2 
n, =   ^ rN2 +  ENv/2 
0
i =  CO2 
i =  H2O 
i =  N2 
i =  O2
(2 .11)
where
r,(1 — $  .) otherwise
E ]  =  $ £ : (2 .12)
represents the number of moles of element j  produced by reaction (2.6). In the flame-sheet 
model, transport equations are solved for each species that is involved in the coal models
0
7(devolatilization, vaporization and char oxidation) as well as any gaseous species fed into 
the reactor. The product composition is then obtained at each point in space and time 
using the methodology just discussed in this section.
2.2 Coal Phase
The motion of a single particle in gas-solid flows can be described by using Newton’s 
second law
du-
m^—d ^  =  mpgi +  Spj +  Fc (2.13)
where i denotes the ith direction, mp, ui>p, gi, Spj , and Fc are mass of single particle, 
particle velocity, gravity acceleration in ith direction, force generated by fluid-particle inter­
action, and force generated by particle-particle interaction. For this study, particle-particle 
interaction is (Fc =  0) and the drag force is described by Stokes’ law so that the particle 
momentum equations become
dupj _  gi (pp — pg)
dt pp 
dvpj _  gi (Pp — Pg)
+  Spj (2.14)
+  Sp, . (2.15)
dt “  pp ^ pj ’v'
Particle source terms for v (Spj,v) and u (Spj>u) are given by (2.76) and (2.77), respec­
tively.
Given the evolution of the particle velocity according to (2.14) and (2.15), the particle 
position evolves as
dxi,p _  (n i
dt =  Ui,p, (2.16)
where xi>p is particle location in ith direction.
The particle energy evolution is given by
AT _  A
i f  =  ^ (Tp — T ) + <Tp — TW^1 +  Sr, (2-17)
where Tp, Tw and T  are the particle, radiative (wall), and gas temperatures, respectively. 
Cp, mp, Ap and e are the particle heat capacity, mass, surface area (sphere surface) and 
emissivity, respectively, a is the Stefan-Boltzmann constant, hc =  NuK/dp is the convective 
heat transfer coefficient with Nu  =  2.0+0.6Rep/2P r1/3 [32] where dp is the particle diameter, 
and Sr is the temperature source term due to vaporization and heterogeneous reactions 
defined by (2.81). In this work, radiation is considered only between particles and an 
“effective” furnace environment.
8The overall mass balance on coal particle (mp) is divided into three phenomenological 
categories describing the evolution of moisture (m H20), volatiles (mv), and char (mc),
dmp dmw dmv , dmc , ,
" d T  =  ^ T  +  " d T ^~dt~. (2.18)
In the proposed model, a coal particle consists of moisture, volatile, char and ash. Figure 2.1 
depicts the coal's constituents and the models that describe mass exchange. For example, 
evaporation only adds moisture into the gas phase; however, char oxidation produces CO2 
and CO and consumes O2. The models that describe the consumption of coal constituents 
are outlined in §2.2.1-§2.2.3
2.2.1 Evaporation
The moisture content evolution is given by
=  -  (Sp,H2o ) Evap =  k J P § °  -  P H 0  j  ApMw,H2O, (2.19)
where kv is the mass transfer coefficient of steam (m 2/s )  into air [63], P § o  is the satu­
ration pressure of water at particle temperature, PH20  is partial pressure of water in gas. 
Determination of kv is given by:
Sh =  kv dp =  2.0 +  0.6Rep/ 2S ci/3,
D H2 0,gas
where Sh is the Sherwood number, Rep is the Reynolds number of particle, Scg is the 
Schmidt number of gas phase, D H20,gas is the diffusivity of water into gas phase and dp is 
the diameter of particle.
The saturation pressure of water is considered as a function of particle temperature and 
calculated using the Buck equation [7]:
"  Tp Tp ^
P&a'O =  611.21exp 18.678 (2 .20 )234.5 )  \257.14 +  Tp
For purposes of energy coupling in (2.81) the latent heat of vaporization for water is 
calculated from the Watson relation [71, 103], which provides the latent heat of vaporization 
as a function of temperature. The Watson relation is:
^Evap (  1 Tr \
f  (2.21)
where Tr and Tref are the reduced temperature (base on water critical temperature) of par­
ticle and reference temperature. AEvap and Aref are the water latent heat of vaporization at 
particle and a reference temperature, respectively. Since the pressure is essentially constant
9over the domain for the conditions considered here, this model provides an inexpressive 
calculation for the required latent heat of vaporization. Figure 2.2 shows a comparison 
between the Watson model and a model proposed by [69].
The expression graph of the evaporation model is illustrated in Figure 2.3. The evap­
oration rate expressed in (2.19) is the expression in the middle with the tag name of 
evaporation_rhs. This expression employed all the other expressions connected with arrow 
to calculate the arguments used in its equation.
2.2.2 Devolatilization
Three devolatilization models with different complexities and computational costs are 
implemented.
2.2.2.1 Kobayashi-Sarofim Model
In this model, the devolatilization process is described as following:
mv ^  aigi +  (1 -  aic), (2 .22)
mv ^  a2gi +  (1 -  a 2t). (2.23)
a i and a 2 are weights of release light gases in each rate [45], c is the produced char in the 
devolatilization process.
The devolatilization rate described in this model has two weighted first order Arrhenius 
reaction rates [45],
dm - =  — (ri +  r2) =  -  A ie (-El/RTp) +  A 2 e(-E2/RTp) mv, (2.24)
where ri and r2 are reaction rates for 2.22 and 2.23, respectively; and the Arrhenius 
parameters (A i , E i , A 2, E2) reported in [96] were used, consistent with several other studies 
[83, 12, 15, 68]. The influence of the Arrhenius parameters for the Kobayashi-Sarofim model 
for coal simulations has been considered by [26]. By substituing 2.22 and 2.23 into 2.24 and 
after some simplification,
=  [pai +  (1 — p )a 2] “ f  +  [p(1 — a i ) +  (1 — p)(1 — a 2)] “^  =  X“ I  +  (2.25)
where
P =  — . (2.26)ri +  r2
Different reactions have been proposed for the Kobayashi devolatilization model [85]. Al­
though there is no universally accepted form, in this work, we assume
CHaOb ^  X [xCO +  yH2 +  ZC2H2] +  TC(S) . (2.27)
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where a and b are calculated from coal’s ultimate and proximate analysis. There is general 
agreement on CO and H2 as the products for Kobayashi model, but accounting for tar in 
the gas phase is less well-established. In this work, C2H2 represents tar in the gas phase. 
To satisy the elemental balance over the coal particle,
a b 1 — Y — b
x =  —, y =  - ------z, z
X 2x 2x
In this mode, the species yield are
dm co =  Mw,co dmv (2 28)
dt =  X m  d, (2.28)













- Y  W,C(B)-----v (2.31)
dt ,  
where Mw,CO, Mw,H2, Mw,C2H2, MW,v are molecular weight of CO, H2, C2H2 and volatile, 
rescpectively. The reaction rate of 2.22 and 2.23 are different through the time, therefore, 
the elemental coeffencts, a and b are chaging through the time,
da 2 dmH2 2 dmC ,H2
dt Mw,h2 dt Mw,c2h2 dt 
db 1 dmcO
(2.32)
, w  , • (2.33)dt Mw,co dt
In 2.27 the elemental coeffecient of carbon must be kept as one, therefore it must be 
its consumption rate affects the elemental coeffiecient of hydrogen (a) and oxygen (b). The 
consumption rate of carbon is
dcarbon 1 dmcO 1 dmC2H2 1 dmc w
dt Mw,CO dt Mw,C2H2 dt Mw,C(s) dt
Considering 2.34, equations 2.32 and 2.33 must be modified accrodingly, 
da' / da dcarbon\ t dcarbon\
dt \dt a dt
(2.34)
db' / db dcarbon\ f  dcarbon\ (2 3 )^
dt \dt dt )  \ dt /  .
The expressions graph produced by a test case is illustrated in Figure 2.4. The main
expression only has dependency to particle temperature and volatile mass, which is similar
for all the deovlatilization models implemented in this work.
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2.2.2.2 Single-Step Model
This is one of the first models to describe devolatilization with an Arrhenius reaction 
form. The devolatilization process is described with reaction as following:
CHaOb ^  bCO +  a +  bb — 1H2 +  ^ C 2H2 . (2.37)
The volatile yield is determined from:
=  —A e(-E/RTp)mv, (2.38)
where A =  4.5 x 105 (1/s) and E  =  8.1 x 107 (J /K  mol) [35]. This model does not produce 
any char as a side product of devolatilization, whereas the char production is considered in 
the Kobayashi-Sarofim and CPD model.
This model is implemented in the ODT framework with the keyword of SingleRate. 
However, its predictions are not included in this dissertation.
2.2.2.3 Chemical Percolation Devolatilization (CPD)
Model
CPD is one of the most accurate (and complex) models available to predict the pro­
duction rates of the species during the devolatilization. CPD predicts the devolatilization 
of different coal types based on their chemical structure. In CPD, coal is described as 
a macromolecular network of aromatic ring clusters of various sizes and types that are 
connected by a variety of chemical bridges (so-called “labile bridges” ) of different bond 
strengths [25].
In the modified CPD model [37], used in this work, reactions start with cleaving labile 
bridge l to form a highly reactive intermediate (l*)
l —^  l* (2.39)
which then decomposes to form a char bridge (c) and light gases (g) as well as side-chains
l* —^  c +  2g2 (2.40)
l* 2Si (2.41)
The side chains (5i) decompose to form light gases,
Si —^  gi. (2.42)
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We can write the balance equations for the above quantities as
dl _  h l  
dt =  ~ kbl’
dl*
—  =  kbl -  (ks +  kc)l*
—  =  k l * ^  kbl 






also for gi the reaction rate is
2p s kblc___
p s +  1
fgi_____ k -5-rl6 /■ kg i5i,
E ]= i  fg ,
dgi =  (n  )CPD 
dt =  (Sp’yi)
2kbl 
p s + 1
f gi
v^i6 v +  kgi5i
E ,= i  f g,
where ps =  Xs and fg i are functional groups for each species stated in Table 2.1.
c c
kb is reaction constant which is described as
, , -E0 
kb =  Abe rt
where Eb is the activation energy and can be expressed by
E
F  (E) =
's/2'Ka2
where F (E ) is
F  (E  > =  a






where lo is the initial amount of labile bridge. Also for kgi, the same procedure is applied 
but the only difference is the expression for F (E ),
F (E ) = gi gi
gi,max 2(1 -  C0) fgi 12 fgi
(2.51)





dgi +  dc 
dt dt
(2.52)
The CPD model employed herein involves solution of 18 ODEs on each particle to evolve the 






several light gases for devolatilization of various coal types over a range of thermal conditions 
[37]. The gas-phase species produced by the CPD model are: CO2, CO, CH4, C2H2, HCN, 
NH3 , H and H2O.
In this work, C2H2 represents the “tar” in the devolatilization process. The focus of this 
dissertation is on the ignition process and flame regimes, therefore, soot production process 
is not considered.
In the scope of this work, C2H2 as a soot precursor is used to address the “tar” production 
by the devolatilization process. Char is a side product of the CPD model as stated in (2.40). 
Equation (2.45) represents the char production by CPD model that its initial condition is 
a function of coal type. The initial value of char accounted for the CPD model is given by:
i f  C >  0.859 ^  Co =  11.83C — 10.16
i f  O >  0.125 ^  co =  1.25O — 0.175,
where C and O are carbon and oxygen content of coal. Acetylene was chosen since it is 
a soot precursor [20] and also, it is included in the gas phase mechanisms utilized in this 
dissertation.
2.2.3 Char Oxidation/Gasification
Char oxidation and gasification are heterogeneous reactions at the particle surface. The 
mass-exchange terms are accounted for in the mass balance equation, (2.5). Char oxidation 
is a complex phenomenon that depends on many factors such as temperature and oxygen 
concentration. Most of the coal combustors are currently operating at atmospheric pressure. 
However, there are numerous processes, such as coal gasification, which operate at elevated 
pressure [59, 64, 52]. In this dissertation, all the formulations are provided for atmospheric 
pressure.
The rate of consumption of char by oxidation is described by [61]
( dm c^Oxid rcMw,c d2 (253)
=  — j ~ nd-, (2-53) 
where <p =  2 /(1  +  0 ) , Mw,c is the molecular weight of carbon and rc is the the reaction 
rate of char. The value of 0  represents the moles of CO2 formed per moles of carbon that 
react. CO2
0  = T T i k , (2-54)
1 +  CO
CO2 and CO are the most common products of char oxidation, there are several equations 
which express the ratio of CO2/C O  production. This ratio has a significant influence on the
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particle temperature that affects the whole coal combustion process [22]. There are several 
models describing the CO2/C O  ratio. [56] proposed an experimental Arrhenius from the 
equations that follow:
CO E=  A exp — -
CO2 V RTp
where A =  103'3 and E  =  14300 cal/mol. Later, [95] contributed oxygen partial pressure 
into the equation, and is given by:
CO2 . _  ( B
=  APO2,s exp (  Y ) , (2.55)CO
where A =  0.02, B =  3070 K and n =  0.2.
Nevertheless, [22] derived different parameters for (2.55) by compiling the detailed het­
erogeneous reaction mechanism. They found significant disagreement in the CO2/CO ratio 
predicted by Tognotti parameters [95]. In this dissertation, (2.55) parameters suggested by 
[95] are utilized.
There are several models and equations that explain char oxidation reaction rate. The 
Langmuir-Hinshelwood model is a kinetic expression that is frequently used. This approach 
describes competing adsorption (O2) and desorption (CO) on char surface that makes it 
more attractive. There are multiple forms for Langmuir-Hinshelwood, but it was shown by 
[61] that
k2kiPn2rs02,s (2.56)
kiPnn,s +  k2'
yields good results, where ki and k2 are Arrhenius rate constants as reported in Table 2 .2 , 
nr =  0.3 and P02s is the partial pressure of oxygen at particle surface [61]. To determine 
the oxygen partial pressure at the surface of a particle the following equation is applied:
P02S //p 02 inf \ f  r cdp \ , ,
- p -  n  — —v e x p { —^ c d o J + 7 - (2-57)
where Cg and D O2,g are the gas phase concentration and diffusion coefficient of oxygen into 
the gas phase, respectively. The partial pressure of oxygen at the gas phase is represented 
by -O 2 ,inf and 7  =  (0  — 1) / 2 .
The contributions of char oxidation process in species source terms are given by:
lOxid ( dmc \ OX'\ ,  Mw,CO .. 0  ,2 r „,
(SP,CO) =  U r J  X X C O i/C O  (2.58)
,,, \Oxid ( dmc \ OX'\ ,  Mw,CO 0  ,2 r „,
(Sp,cO, ) =  ( ^ - J  x ~m c t  0  (2-59)
. Oxid ( dmc \ Oxld Mw,o2 1 +  0(■So )Oxid =  ^ X  -MWO x _ ^  (2.60)
To solve (2.56), (2.57), (2.55) Muller’s method [23] and bisection method are applied. 
Muller method is a root-finding method that is based on determining the answer in the
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neighborhood of the root using a quadratic polynomial. This method uses a quadratic 
equation to find three points near the root. If the Muller’s method does not converge to the 
root after a certain number of iterations, bisection method will be applied to find the root. 
Applying bisecion method guarantees the convergence, however, it has more computational 
cost than Muller’s method.
Gasification is an environment-friendly technology that provides efficient power from 
hydrocarbon fuels such as coal, biomass and oil residues. The complex geometry of coal 
makes the gasification modeling very complicated. The evolution of coal structure during 
gasification is studied by different researchers [101, 18]. Like char oxidation, the gasification 
process at elevated pressure was the subject of numerous studies [40, 9, 38, 19]. In this 
dissertation, gasification models at atmospheric pressure are considered.
Char oxidation and gasification are heterogeneous reactions that consume char. The 
presence of carbon dioxide and water vapor around the coal particle increases the likelihood 
of gasification reactions at high temperatures through
C(s) + C O 2 — > 2CO , (2.61)
C(S) + H 2O C O + H 2 . (2.62)
The gasification process described in (2.62) is much slower than (2.61) and it is negligible. 
Nevertheless, the H2O gasification (2.62) is also considered in this work. The differential 
equation describing char gasification is
1 \ Gasif d m \
~d^J  =  -k im c; i =  CO2, H2O, (2.63)
where ki is given by [102]
ki =  exp ^- ,  (2.64)
and Pi represents the partial pressure of CO2 and H2O around the particle for reactions 
(2.61) and (2.62), respectively. The Arrhenius rate parameters appearing in (2.64) are 
stated in Table 2.3. In this work, the evolution of particle surface area is accounted for 
using a modified random pore model [50, 60].
The species source terms for gasification are given by:
\ Gasif ( dmc \ GaSif M -,CO2 r265)
(‘V ''°2 > =  - l  - I f )  CO2 (2 '65)
^Gasif 2 ( dmc \ GaSi\  M -,CO . ( dmc \ GaSi^  M-,CO (2 66)
(SpCO) =  2 U r J C O 2 x ~M W 7 H ' d f J H 2o  x <2.66>
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ro ) Gasif ( dmA  GaSi\ ,  M w,H2O (2 67)
(Sp h2o ) =  — { - d f ) h2o  x ~ M 7  (2-67)
)Gasif ( dmc \ GaSi\^ M w,H2
(Sp'H 2* =  UrJ H2O x ' M 7  ( )
The expression graph of the char oxidation and gasification model is illustrated in Figure 
2.5.
2.2.4 Coal Heat Capacity
In this dissertation, coal particles consist of four main constituents (Figure 2.1): mois­
ture, volatile, char and ash. It was assumed that coal heat capacity is the summation of its 
constituents heat capacity as stated in following:
mw Cw +  mv Cv +  mcCc +  mashCash
cp =
mp
where Cw, Cv, Cc and Cash are heat capacity of water, volatile, char and ash, respectively. 
It was assumed that the heat capacity of all the constituents are only a function of particle 
temperature where temperature is uniform within the coal particle.
The relative change in particle temperature during the evaporation 2.2.1 process is 
small. It was assumed Cw =  4200 J  . An equation to determine the volatile heat capacity 
is suggested by [53]:
Cv =  1500.5 +  2.9725Tp . (2.69)




H  d + 2  * H  i d
(2.70)
p
where M w,c is the molecular weight of char, R is the gas constant and f i ( )  is
z2 ez
f 1«  =  ( e ^ .  <271>
The amount of ash is constant over the simulation and its heat capacity can be determined 
by [17]:
Cash =  594 +  0.586Tp. (2.72)
2.3 Interphase Exchange Terms
The change terms between coal particle and gas phase stated in conservation equations 
are defined in this section.
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2.3.1 Intensive-Extensive Exchange
To facilitate the interphase coupling, a volume must be defined on each discrete segment 
of the ODT line to convert the extensive particle source terms to intensive terms.
The volume is defined in terms of the ODT grid spacing (Ay),  diameter of the jet (D j), 
coal feed rate and mc, as
TY1
Vceii =  A yA Ceii =  A yD j  —  (2.73)
np
where the number of particles in the simulation can be calculated by
n =  mcZp (2 74)
np Pcoalldp . ( )
In (2.74), pCoal, dp and Zp are the initial coal particle density, diameter and characteristic 
time, respectively.
Equation (2.74) is only applicable to the cases when the diameter is constant for all the 
particles. I suggest the mean particle diameter for dp if a distribution of particles diameter 
is applied in the simulation. The np represents the number of particles that entered into the 
furnace through the jet within a characteristic time (Zp). The characteristic time explains 
the required time for one particle to completely enter into the furnace and is given by
Zp =  dp/up, (2.75)
where up is the particle velocity.
2.3.2 Momentum Exchange Terms
The momentum exchange terms, which appear in the gas and particle momentum 
balances, are
Spv = ------( v - v p ) ,  (2.76)mpfdJpv =  - ^  ( v -  vpTp V cell
Spu = ------mpf (u — up) , (2.77)
Tp V cell
dp
where tp =  is the particle relaxation time [13] and f d is the drag force coefficient. The 
model employed for f d is
Rep <  1
fd =  { 1 +  0.15Rep.687 1 <  Rep <  1000 
0.0183Rep Rep >  1000
dp |up ug|
where
Rep =  ^  (2 .78)
vg
is the particle Reynolds number and vg is the gas kinematic viscosity. Subscripts p and g 
indicate particle and gas phase properties, respectively.
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2.3.3 Mass exchange terms
Most of the particle mass (except ash) is released to the gas phase during the combustion 
process. Furthermore, char oxidation and gasification require additional species from the 
gas phase such as oxygen and carbon monoxide. The mass source term for single particles 
for species i  can be written as
\ Evap / i \ Dev / i \ Oxid / i \ Gasif
dm ?) + ( t ? )  + 0 £ )  ^
Models for evaporation, devolatilization, and char oxidation/gasification in (2.79) are dis­
cussed in §2 .2 .
During the combustion almost all of particle mass except the ash part will be released 
to gas phase. Also, char oxidation and gasification reactions need certain species from gas 
phase such as O2 and CO2 that get consumed by them. The species source terms are 
mentioned in Table 2.4.
2.3.4 Energy exchange terms
The energy source term for the gas phase energy conservation equation, (2.4), is given
as
Speo — a  (Sp, CO HCO +  Sp, CO 2 HCO2 )
+  a (  ^  AHGaO”'
Oxid
dt J H2O H2'
+  a ( i m ) co  A HGOSf • (2.80)
where a  is the fraction of heat released to the gas and 1 — a  is the fraction of heat absorbed 
by the particle. In this study, a  — 0.3 was used. For all of the conditions explored in 
this work, the value of a  has negligible impact on the predicted ignition delay since the 
devolatilization (not char oxidation) rate is the dominant factor determining the ignition 
delay. However, in situations where char oxidation becomes dominant, the value of a  will 
play an important role. The source term in (2.80) includes the heat of char oxidation 
(exothermic) CO2 and H2O gasification (endothermic).
Finally, the source term appearing in the particle energy balance, (2.17), is written as
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Sr =  1 —£  (S p,coA H co +  Sp,CO2AHCO2)Oxid mpCp
Gasif
I 1 -  a dmc \ A H-Gasif
mpCp (  dt \ h2o H2(°
Gasif
. 1 -  a  / dmc\ A HGasif
+  m p cp (, - d f J c o ,  CO2
+ ---- (S'p,H2o ) EVap ^Evap, (2.81)mpCp p, 2 p
where A H  is the enthalpy of heterogeneous reaction reported in Table. 2.5, AEvap is 
water’s latent heat of vaporization and (Sp ,H2O)Evap is defined in (2.19).
2.3.4.1 a value
Heterogeneous reactions at the particle surface, such as char oxidation and gasification, 
release significant amounts of heat. The produced heat is partially absorbed by the particle 
and the rest releases to the carrier (gas) phase. The a  value represents the fraction of 
heat released to the gas, whereas 1 — a  is the fraction of heat absorbed by the particle. In 
this work, the gradients of energy and mass inside the particle are not considered, meaning 
particles have the same temperature and composition at the surface and the core.
In this dissertation, a certain value (0.3) is used for a, and the author suggests a method 
to determine a dynamic value for a  during the simulation. The heat of homogenous reactions 
release to the gas phase by convective heat transfer and also absorb into the particle by 
conducive heat transfer. The a  value can be represented by following equation:
hcD  hc D /k  Bi
a  = -----c------= --------— -------= -----------  (2.82)
hcD  +  k (hcD +  k) /k B i +  1
where hc and k are the convective and conductive heat transfer coefficient, respectively. The 
Biot number (B i) represents the ratio of convection to conductive heat transfer. For Biot 
numbers smaller than 0 .1 , it can be assumed that the inside of the particle has an uniform 
temperature.
For simulations performed in Chapter 3, the value of a  has negligible impact on the 
ignition delay time since the mode of ignition is homogenous for all the performed simu­
lations. In Figure 2.6 the particle and gas phase (at the particle position) temperatures 
are illustrated for a  =  0 and a  =  1. Figure 2.6 shows that the predicted particle and gas 
phase temperature do not notably change before the characterized ignition time by varying 
a  from 0 to 1 .
However, the impact of a  on the physics of combustion is significant when the char 
oxidation process becomes active. The a  value not only changes the fate of coal particles
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but also has notable influence on the gas phase. Figure 2.7a shows the normalized mass of 
volatile and char for a  value of 0 and 1 at given time. The activation of char oxidation after 
12 seconds highlights the impact of a  value on the behavior of the coal particle. In this 
work, a  =  1 means all the heat produced by char oxidation are absorbed by the particle, 
therefore using a  =  1 increases the particle temperature notably compared to a  =  0. In 
Figure 2.7.b temperature of particle and gas phase (of the case A.1 shown in Figure 2.6) 
are illustrated for a  =  0 and a  =  1 in a wider time window. The char oxidation accelerates 
by increase in particle temperature, which implies more heat production by this process. 
The heat produced by char oxidation increases the gas phase temperature by convection 
heat transfer. Furthermore, higher particle temperature implies higher devolatilization rate, 
hence more homogenous reactions are expected. However, at time =  18 sec, the particle 
temperature profile using a  =  1 becomes smooth and crosses the particle temperature using 
a  =  0. The smoothness of particle temperature using a  =  1 can be explained by lack of 
oxygen around the particle. As explained, value of a  implies different physics to the system 
and changes the fate of particle and gas phase significantly.
2.4 Turbulence Model
In ODT, turbulent mixing is modeled through a series of stochastic eddy events, or 
simply, “eddies” [41, 93]. By construction, eddies conserve momentum, energy and mass 
over the interval on which they act. Their size(£e), lifetime (re) and location are influenced 
by the local energetics of the flow field [41, 93]. This allows the ODT model to naturally 
capture key turbulence properties such as the -5/3 energy cascade in isotropic turbulence 
[41]. The frequency at which eddies occur is dictated by eddy rate distribution:
C
A =  2^ - ,  (2.83)
which is directly influenced by the “eddy rate constant” (C). The impact of the value 
chosen for C on the model’s ability to capture statistics in turbulent jets was studied by 
[74].
The particle-eddy interaction is considered in this work using a continuos formulation 
of Type-C interaction proposed by Schmidt [79]. Further details of the model are described 
by [74].
2.5 Conclusions
The intention of this chapter is to provide a reference for those interested in coal combus­
tion/gasification modeling. The chemistry models determining homogenous reactions in the
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gas phase are also described. A new formulation for infinity-fast chemistry is proposed in 
this chapter. A summary of ODT framework (an Eulerian formulation) is briefly discussed, 
more details can be found in [74].
The coal submodels description are not limited to ODT framework and can be applied 
to other platforms. The source terms that couple the gas and coal particle phase are 
reported here. A formulation is proposed to exchange source between gas and particle phases 
where the variables are intensive and extensive, respectively. This formulation follows the 
principals and basic ideas applied to develop ODT.
The impact of a  value on the single coal particle combustion is studied. a  represents 
the fraction of heat absorbed by the particle during heterogeneous reactions (char oxida­
tion/gasification). It was shown that the value a  can significantly alter the simulation 
prediction when the char oxidation becomes active. However, for the cases studied in 
Chapter 3, it does not have any notable impact since the focus of the study is on the 
devolatilziation process and homogenous reactions.
Furthermore, the expression graph of the coal submodels provides information on the 
expression dependencies and tag name. The expression graphs included in this chapter can 
be helpful for those interested in the further development of the code, and also eases the 
code learning. In addition, it reflects the applied method and complexity of models.
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Char Oxidation & 
Gasification
Evaporation
Figure 2.1: Coal constituents.
Temperature (K)
Figure 2.2: Latent heat of vaporization (A) predicted by Watson model (black line) and 
Daubert model (red line).
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Figure 2.4: Expression graph of Kobayashi-Sarofim devolatilization model.
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Table 2.1: CPD composition[37]
Specie bond primary functional group source A (s-1 ) E/R(K)
extra loose carboxyl 0.56 x 1015 30,000 ±  1500O
C loose carboxyl 0.65 x 1017 33,850 ±  1500






0.22 x 1019 
0.17 x 1014
32.700 ±  1500
32.700 ±  1500
ether loose ether O 0.14 x 1019 40,000 ±  6000
CO ether tight ether O 0.15 x 1016 40,500 ±  1500
extra tight ether O 0.20 x 1014 45,400 ±  1500
HCN loose 0.17 x 1014 30,000 ±  1500tight 0.69 x 1013 42,500 ±  4750
NH3 0.12 x 1013 27,300 ±  3000
C2H2 H(al2) 0.84 x 1015 30,000 ±  1500
extra loose methoxy 0.84 x 1015 30,000 ±  1500
CH4 loose methyl 0.75 x 1014 30,000 ±  2000
tight methyl 0.34 x 1012 30,000 ±  2000
H H(ar3) 0.10 x 1015 40,500 ±  6000
Table 2 .2 : Arrhenius parameters for equation (2.56)




Table 2.3: Arrhenius parameters for the gasification reactions used in (2.64) by [38, 102].
2OC H2O




2.71 x 108 1.63x108 
3.34 x 108 6.78 x 104 
0.54 0.73
2.52x 108 
2.89 x 108 
0.64
1.40x108 
8.55 x 108 
0.84
Figure 2.5: Expression graph of char oxidation and gasification model.
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Table 2.5: Reaction enthalpy of heterogeneous reactions.
Oxidation Gasification
C O  CO H2O (eq. 2.62) CO (eq. 2.61) 
AH (kJ/kg) 33075.72 9629.64 10.94 x 103 14.37 x 103
Figure 2.6: Temperatures of particle and gas phase at the particle position. The red lines 











(a) Normalized volatile and char mass.
time (ms)
(b) Particle and gas (at particle position) temperature.
F igure 2.7: Impact of a  on particle and gas phase.
CHAPTER 3
SINGLE COAL PARTICLE COMBUSTION
“In the existing sciences whenever a phenomenon is encountered that seems complex 
it is taken almost for granted that the phenomenon must be the result of some underlying 
mechanism that is itself complex. Buy my discovery that simple programs can produce great 
complexity make it clear that this not in fact correct.”
-Stephen Wolfram, A New Kind of Science
The objective of this chapter is to evaluate the efficacy of devolatilization and gas-phase 
chemistry models for coal combustion/gasification. To avoid complexity of the large/pilot 
scale combustor where the turbulence has a considerable impact on the combustion behavior, 
an experiment conduced in laminar flow is selected.
To this end, we compared experimental observations of coal particle ignition delay to 
two devolatilization models paired with two gas-phase kinetics models.
3.1 Introduction
Coal combustion/gasification is a complex process with many coupled subprocesses 
occurring simultaneously [89]. Furthermore, most practical coal combustion systems are 
turbulent, further complicating the modeling challenge because of the nonlinear coupling 
occurring across a multitude of length and time scales. Even with modern day computers, 
resolving the entire physics of the problem remains prohibitively expensive. Coal combus­
tion/gasification models must address particle dynamics in turbulent flow, gas-phase ther­
mochemistry, heterogeneous reactions between the coal and gas, devolatilization/pyrolysis, 
vaporization, radiative heat transfer, etc.
The modeling challenge for coal combustion is further complicated by the varying 
properties and chemical structure of different coal types [17], and by the fact that the 
coal properties change significantly throughout a coal particle’s lifetime in a combustor
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[57, 101, 84]. The coal particle thermochemistry in this work is divided into three processes: 
vaporization, devolatilization and char oxidation/gasification.
Models for devolatilization vary widely in complexity, with the most sophisticated models 
accounting for the chemical structure of the coal and its effect on the devolatilization process 
[89]. In 1971, a constant value was proposed for the combustion rate of each coal type 
[5]. Arrhenius-form models such as the single-rate [4] and Kobayashi [45] models describe 
devolatilization with a kinetic rate. In 1976, the Distributed Activation Energy (DAE) 
model [3] proposed using a gaussian distribution for the activation energy. Determining the 
parameters for the gaussian distribution were the challenges of this model [70]. Representing 
coal as a collection of functional group including aromatic rings, aliphatic chains and bridges 
and oxygen-carrying groups was a significant step in devolatilization modeling [21, 91]. The 
Chemical Percolation Devolatilization (CPD) model accounts for the thermal decomposition 
of the macromolecular network and accounts for structural variation among various coal 
types [25, 6 , 89]. It can accurately describe light-gas evolution from coal devolatilization 
[37]. In this work, the Kobayashi and CPD devolatilization models (representing a relatively 
simple and fairly sophisticated model, respectively) are utilized; their ability to predict 
ignition delay are examined.
Char oxidation and gasification are heterogenous reactions, and are significantly slower 
than the vaporization and devolatilization processes [89, 88]. There are many factors that 
influence char oxidation, such as coal structure, coal type, the gas-phase environment (e.g., 
oxygen partial pressure) and temperature [61, 52]. The products of char oxidation are 
mainly carbon dioxide and monoxide [56, 95]. A common assumption in coal combustion 
modeling is that char oxidation occurs after the coal particle is fully devolatilized [98, 97]. 
The present study and formulation allow for simultaneous vaporization, devolatilization and 
char oxidation and do not impose any temporal ordering/sequencing of these processes.
The influence of system parameters such as oxidizer composition and coal rank on 
ignition delay and flame stability have been explored experimentally by several researchers 
[48, 54, 51, 36, 43, 44, 72]. A review on experiments measuring the coal particle ignition 
delay is reported in [11]. In [51], the influence of gas phase temperature and particle size 
on the single particle ignition delay are also considered as parameters. In this work, the 
ignition delay is employed as a metric to evaluate simulation results where the effect of gas 
phase temperature, coal rank and particle size on ignition delay are studied and compared 
to the experiments conducted by [51].
Although numerous simulations of coal combustion have beed performed, most use
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relatively simple models for the devolatilization and gas-phase combustion process [99, 31, 
107, 47, 100]. The flamelet and flame-sheet models are used in simulation of single coal 
particle combustion by different groups [33, 47, 99]. Attempts to address limitations of 
these models have used two- and four-step global mechanisms [36]. [30, 27, 28] performed 
one-dimensional simulations on char oxidation of single coal particles with detailed kinetics 
to determine the temperature and species radial profiles for char oxidation, but used 
boundary-layer assumptions to treat diffusion.
3.2 Computational Configuration
This section briefly summarizes the computational parameters, models and configura­
tions used for each simulation performed in this chapter. The computational configuration 
mirrors the experimental setup described in [51]. A schematic of the facility reported by 
the experiment [61] is given in Figure 3.1. It is an atmospheric furnace located at Sandia’s 
optical entrained flow reactor facility. The detailed description of the flow reactor illustrated 
in Figure 3.1 is provided in [58].
Figure 3.2 shows the photographs taken in the experiment where Black Thunder coal 
with sizes cut of 75-105 is combusted in 12 vol.% O2 and a gas temperature of 1230 K. 
In this figure, the impact of coal feed rate was the subject of study where the coal feed is 
increased from left (a) to right (i).
The governing equations and models outlined in Chapter 2 are solved using a fully 
coupled, compressible algorithm with an explicit time integration scheme and a second-order 
finite volume spatial discretization. Characteristic boundary conditions are applied on the 
domain boundaries [92]. For the simulations reported herein, the computational domain is
1.4 cm with a grid spacing of 140 ^m and time step of 2 x 10-8 s. The results presented 
herein are grid-converged; simulations performed on finer grids yield the same result for 
predicted ignition delay.
A schematic of the simulated system is illustrated in Figure 3.3 where the one-dimensional 
domain oriented in the y-direction moves in the x-direction via a space-time mapping using 
the mean system velocity [93].
In this chapter, two US coals are used: Pittsburgh high-volatile bituminous coal and 
Black Thunder subbituminous coal from the Powder River basin, with proximate and 
ultimate analysis reported by [51]. The coal particles are assumed to be spherical, with 
initial density of 1200 kg/m 3 and initial temperature of 298 K for all simulations.
The initial gas composition and temperature are uniform and constant over the com­
putational domain, consistent with the experimental configuration described in [51]. Table
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3.1 summarizes the key parameters varied as part of this work. The initial gas phase 
composition includes O2, N2, CO2 and H2O. The effect of O2 composition is considered 
while maintaining the initial CO2 and H2O mole fractions constant at 0.3 and 0.116, 
respectively. Likewise, the initial streamwise velocity (v =  2.5 m/s) is uniform and constant 
over the domain, but evolves in time according to (2.3), with dilatational effects due 
to chemical reaction as well as particle vaporization, devolatilization and char oxidation 
accounted for. Cases A .1-A .8 each consider the effect of the initial gas phase temperature 
on the ignition delay, resulting in a number of distinct simulations being performed for each 
of these cases. Similarly, each case, B.1-B.4, includes several simulations of particle sizes 
varying from 45-125 ^m.
3.3 Results Analysis
The experiments were conducted to observe the physics associated with combustion of 
single particle which implies the interaction of subsequent particles is negligible. To examine 
the validity of this assumption a scaling analysis is made here.
The distance between subsequent particles can be obtained by (3.1)
A zp =  At x u (3.1)
where A zp and At are the distance and elapsed time between the subsequent particles. The 
At can be calculated by :
At =  m  (3.2)
m p
where mp is the mass flow rate of particles and mp is the particle mass. The characteristic 
length represents the length required between subsequent particles to avoid any interaction, 
given by:
zc =  / D  x At (3.3)
where D  is the mass diffusion coefficient and zc is the characteristic length. Figure 3.4 shows 
the comparison between the zc and zp, that the distance between subsequent particles is 
longer than the characteristic length at all simulated coal feed rates. This ensures that 
the subsequent particles do not affect each others behavior and the observed physics are 
associated to a single coal particle.
Simulations were performed to investigate the effect of furnace temperature, particle 
size and coal type on ignition delay of coal particles. Furthermore, for particle and gas 
phase calculation, two methods with different levels of complexity and computation cost
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are utilized. To validate the simulation predictions, ignition delay as a metric is identified 
to compare the simulation results with experimental data.
Figure 3.5 shows the normalized volatile and char content of the coal particle for case 
B.1, and also indicates the location of ignition1. This figure suggests that the ignition 
is characterized almost entirely by homogeneous reactions rather than heterogeneous char 
reactions.
Figure 3.6 illustrates the spatio-temporal evolution of several fields for case B.1 (in Table 
3.1) with a particle size of 92.4 ^m. To show more detail on species evolution, the profiles 
of OH, CO and CH4 at 30, 40 and 45 ms are illustrated in Figure 3.7.
During the first 25 ms, the gas phase temperature (Figure 3.6a) decreases due to the 
cooler particle absorbing heat prior to the onset of ignition near 25 ms. The mass fraction 
of carbon monoxide (YCO) is illustrated in Figure 3.6b. Devolatilization produces CO as 
the particle heats up during t =  [0,25] ms, with a spike in CO production around 25-30 
ms as homogenous ignition occurs in the gas phase. After homogenous ignition, when the 
temperature of the particle and gas phase is high, char oxidation dominates CO production. 
Figure 3.6c shows the O2 space-time evolution, which is consistent with the interpretation 
discussed in connection with the CO evolution. Gas phase (homogenous) reaction and 
char oxidation (heterogeneous) both contribute to the O2 consumption, with homogenous 
reactions dominating initially and heterogeneous reactions dominating after homogeneous 
ignition. The evolution of OH, shown in Figure 3.6d, supports the observation that homo­
geneous ignition first occurs away from the particle surface, followed by heterogeneous char 
oxidation.
In Figure 3.7 at time 30 ms OH has two local maxima (indicated by black arrows) and 
CH4 has two corresponding maxima where homogenous reaction of volatiles begins. These 
maxima correspond to the two branches in Figure 3.6d during t «  [27, 35] ms. By 40 
ms, the released volatiles are consumed, as shown by Figure 3.7c (here, CH4 is chosen to 
represent the volatiles produced by the CPD model). The two local minima at 45 ms in 
the OH profile in Figure 3.7a (see the blue arrows) correspond to the homogenous reactions 
with the byproducts (primarily CO) of char oxidation.
3.4 Ignition Delay Definition
In experiments, the most widely used methods to identify ignition delay are based 
on measurements of the intensity of visible light emission [34, 51]. In the experimental
1 Section 3.4 discusses the characterization of ignition in detail.
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results used in this work, CH* emission is considered as an indicator of ignition, with the 
ignition point defined as half of the CH* maximum signal [51]. However, this signal was 
contaminated by CO2* and thermal radiation from hot soot and the coal/char particle [51].
Computationally, it is not obvious how to determine the ignition point, for example, 
threshold values of temperature or species mass fractions, or the inflection point in the 
particle temperature-time history (as suggested by [34]). Physically, the inflection point in 
the particle temperature history represents the location where the asymptotic heating of 
the particle by its surroundings is overtaken by the heat transfer due to chemical reaction 
nearby the particle.
Figure 3.8a shows the simulation prediction for ignition delay based on several plausible 
criteria. These results are for the same conditions as described in connection with Figure 3.6, 
but with the inlet gas temperature varying. For the species criteria, ignition is defined as 
the time at which the species mass fraction is 50% of its maximum value. CO is chosen to 
be representative of the products of devolatilization and char oxidation and CH is chosen 
as a surrogate representation of CH*, which is the reported basis of the experimental 
measurements of ignition delay.
The bars in Figure 3.8a represent 25% and 75% of the maximum mass fraction in the 
profiles of species, consistent with the approach taken in [51]. These “uncertainties” or 
sensitivities are not obtained through rigorous uncertainty or sensitivity analysis, as that 
is beyond the scope of this work. Rather, they are provided to give an indication of the 
sensitivity of the reported ignition delay to the chosen definition.
The time-evolution of these species and the particle temperature at the particle position 
are shown in Figure 3.8b. Since the ignition delay criteria based on CH provides the best 
agreement between the simulation and experimental data, it is used to identify the ignition 
delay throughout the chapter where detailed kinetics are utilized in the gas phase, unless 
specifically stated otherwise.
The CH criteria is unavailable in flame-sheet method (discussed in §2.1.2) because 
intermediate species are not available. Therefore, CO and the particle temperature history 
inflection point as measures of ignition delay were used. As shown in Figure 3.8, these are 
not expected to be highly accurate indicators of ignition delay, but provide a reasonable 
approximation. By assuming that the true ignition delay prediction for the flame-sheet 
method lays between the CO and particle inflection point, a comparison between detailed 
kinetics and flame-sheet can be made.
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3.5 Effect of Furnace Temperature
Using the ignition delay criteria established in §3.4, the effect of furnace temperature 
on ignition delay for Pittsburgh and Black Thunder coals2 is investigated. The simulation 
parameters and applied models for this study are give in Table 3.1, which includes cases 
A.1 to A .8 .
The experiments considered a particle size cut of 75-105 ^m, whereas the simulation 
adopts particles at the mass mean size of the size cut (92.4 ^m). The model prediction of 
ignition delay as a function of particle size is considered in §3.6.
3.5.1 Detailed Chemistry
Figure 3.9a shows the ignition delay as a function of furnace temperature for Pittsburgh 
(Figure 3.9a) and Black Thunder (Figure 3.9b) coals, respectively. Results for the CPD and 
the Kobayashi models, both with detailed chemistry in the gas-phase, are compared with 
experimental data. Figure 3.9 indicates that the CDP model is more successful than the 
Kobayashi model in predicting the ignition delay over the range of furnace temperatures 
and the two coal types, with larger discrepancies at higher furnace temperatures.
Figure 3.10 shows the particle temperature at ignition using the inflection point and 
CHx criteria (see §3.4) with the CPD model and detailed chemistry in the gas phase, and 
indicates that ignition occurs at lower particle temperatures as the furnace temperature 
increases. Figure 3.10 also shows the results using the particle temperature inflection point 
criteria as an ignition definition, and demonstrates that the inflection point criterion results 
in significantly different particle temperatures at ignition. Furthermore, the sensitivity in 
particle temperature at ignition point is quite high at low furnace temperatures. All of 
this highlights the importance of carefully characterizing ignition, and also the potential 
difficulty of comparing computational and experimental data if simulations do not predict 
the same quantity being observed by the experiment.
The volatile consumption fractions at the ignition point for both devolatilization models 
are reported in Figure 3.11. The CPD model shows a much more pronounced effect of the 
furnace temperature on the volatile consumption fraction at ignition. As a consequence of 
producing highly reactive species such as H, the consumption fraction of CPD model at high 
temperature is lower than the Kobayashi model. The particle temperature at ignition point 
decreases as initial furnace temperature increases in Figure 3.10, which can be explained by 
the fact that less volatile is required for ignition as furnace temperature increases.
2The proximate and ultimate analysis for these coals was taken from [51].
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3.5.2 Flame-Sheet Model
We now consider the flame-sheet model for the gas-phase chemistry treatment. As 
a very inexpensive model, this is attractive for use in large-scale simulations, provided 
that it is sufficiently accurate. As discussed in §3.4, the CO profile at particle position 
and inflection point in particle temperature history are used to identify the ignition point 
since the flame-sheet model does not provide CHx radical species for comparison with the 
experimental measurements.
Figure 3.12 shows the ignition delay as a function of furnace temperature, analogous to 
the results shown in Figure 3.9 for detailed gas-phase chemistry. The difference between 
the CPD and Kobayashi models is not as pronounced when flame-sheet chemistry is used in 
the gas phase as when detailed kinetics are used (see Figure 3.8a). Overall, the flame-sheet 
model paired with either devolatilization model does not perform as well as the detailed 
chemistry treatment paired with the CPD model, and fails to capture the nonlinear trend 
of ignition delay as a function of furnace temperature that the data show. Some of this 
discrepancy can be attributed to the lack of a suitable metric for ignition delay with the 
flame-sheet model, as discussed in §3.4.
3.6 Particle Size Effects
The experimental data were obtained on particle sizes in different ranges [51], giving 
some uncertainty as to the effect of particle size variation within the cut on the resulting 
ignition delay. The effect of particle size on ignition delay for an initial furnace temperature 
of 1320 K is illustrated in Figure 3.13. The triangles connected by dash-dot lines indicate 
experimentally measured ignition delay for the three different particle size cuts used in the 
experiments [51]. Also shown are the computational results for particles of different sizes.
Figure 3.13a compares experimental data to results for the CPD and Kobayashi models 
with detailed gas-phase chemistry (cases B.1 and B.2 in Table 3.1). The models show a 
larger effect of particle size on ignition delay than is observed experimentally. Nevertheless, 
the CPD model with detailed gas-phase chemistry does compare more favorably with the 
experimental data than the Kobayashi model. For comparison, the ignition delay trends 
using the flame-sheet model (cases B.3 and B.4 in Table 3.1) are shown in Figure 3.13b. 
Consistent with results discussed in §2.1.2, the flame-sheet model paired with either of the 
devolatilization models is not as accurate as the detailed kinetic model paired with CPD.
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3.7 Conclusions
This chapter considered several models for single coal particle ignition and compared 
these to experimental measurements available in the literature for two coal types at various 
furnace temperatures and for several particle sizes. Two models for devolatilization (CPD 
and the Kobayashi-Sarofim model) and two for the gas phase chemistry treatment (detailed 
kinetics and a flame-sheet model) were applied. These models essentially trade complexity 
for cost.
To the author’s knowledge, this is the first simulation performed using detailed kinetics 
in the gas phase fully coupled to a high-fidelity model (CPD) for devolatilization of coal 
particles. The CPD model attempts to predict the light-gas evolution for the coal particles.
The results indicate that simpler Kobayashi-Sarofim and flame-sheet models roughly 
capture general trends present in the experimental data, but fail to provide quantitative 
agreement. On the other hand, the CPD model paired with detailed gas-phase chem­
istry provides reasonable agreement with the experimental observations over all reported 
conditions. This suggests that detailed devolatilization and gas-phase chemistry modeling 
are important to provide accurate characterization of ignition delay. This conclusion also 
applies when considering the ability of the models to capture trends when varying furnace 
temperature and particle size.
The amount of volatile produced by each devolatilization model at ignition is compared, 
and varies significantly between the CPD and Kobayashi-Sarofim models, with the CPD 
model showing much more sensitivity to the gas phase temperature in predicting the volatile 
yield at the point of ignition.
One significant challenge in comparing to experimental data is determining how to define 
ignition in the simulation. This is particularly challenging for the flame-sheet model where 
intermediate species are unavailable for comparison against the emission measurements of 
CH* in the experiment. A rough indication of the sensitivity of the model predictions to 



















1.1: Schematic diagram of Sandia’s char kinetic entrained flow reactor. Adapted
1230 K I I I
(a) (b) (c) (d) (e) (f) (g) (h) (i)
Figure 3.2: Experiment photograph of 75-105 /em Black Thunder coal in 12vol.% O2 and 









Figure 3.3: A schematic of the simulated system.
Figure 3.4: Characteristic length and distance between subsequent particles versus flow 
rate
Figure 3.5: Normalized volatile and char content in the coal particle as a function of time 
for case B  .1.
Table 3.1: Parameters for simulations considered herein.








o 2 n 2
(mole frac)
A .l Pittsburgh CPD detailed kinetics 1200-1750 92.4 0.2 0.384
A.2 Pittsburgh Kobayashi-Sarofim detailed kinetics 1200-1750 92.4 0.2 0.384
A.3 Pittsburgh CPD flame-sheet 1200-1750 92.4 0.2 0.384
A. 4 Pittsburgh Kobayashi-Sarofim flame-sheet 1200-1750 92.4 0.2 0.384
A.5 Black Thunder CPD detailed kinetics 1200-1750 92.4 0.2 0.384
A. 6 Black Thunder Kobayashi-Sarofim detailed kinetics 1200-1750 92.4 0.2 0.384
A. 7 Black Thunder CPD flame-sheet 1200-1750 92.4 0.2 0.384
A. 8 Black Thunder Kobayashi-Sarofim flame-sheet 1200-1750 92.4 0.2 0.384
B.1 Pittsburgh CPD detailed kinetics 1320 45-125 0.12 0.464
B.2 Pittsburgh Kobayashi-Sarofim detailed kinetics 1320 45-125 0.12 0.464
B. 3 Pittsburgh CPD flame-sheet 1320 45-125 0.12 0.464


















(b) CO mass fraction.
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(d) OH mass fraction.
Figure 3.6: Space-time evolution of several quantities associated with case B.1 (Table 3.1) 







Figure 3.7: Profiles of OH, CO and CH4 at different times (30, 40 and 45 ms) for case B .l (Table 3.1) with a 92.4-//m particle. Time 
slices correspond to the vertical lines shown in Figure 3.6d.
Oo
(b) Species (bottom) and particle temperature (top) histories. Crosses indicate 
25% and 75% of the maximum species mass fraction and squares show the particle 
temperature inflection point ( a T p / a t lm in )  an(  ^ the maximum gas-phase temperature 
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(a) Ignition delay for various criteria. Species criteria are based on the 
time at which the species mass fraction reaches half of its maximum. 
Experimental data are extracted from [51] .
Figure 3.8: Ignition delay identified with half of the maximum in species mass fraction profiles. Pittsburgh coal particle with size of 
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(a) Pittsburgh, cases A. 1 & A.2
(b) BlackThunder, cases A.5 & A.6
Figure 3.9: Ignition delay vs initial furnace temperature. CPD, Kob and Exp represent the 
CPD model, Kobayashi model and experimental data [51], respectively. Detailed kinetics in 
the gas phase was used where (a) Pittsburgh and (b) BLack Thunder coal types are applied.
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Furnace Temperature (K)
Figure 3.10: Pittsburgh coal particle temperature at ignition and inflection point by 
utilizing CPD model (case A.1). Ignition is characterized by half of CHx maximum. Vertical 
bars show 25% and 75% of maximum.
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(a) Pittsburgh, cases A. 1 & A.2
Furnace Temperature (K)
(b) Black Thunder, cases A.5 & A.6
Figure 3.11: Volatile consumption fraction vs initial furnace temperature. CPD and 
Kob represent the CPD and Kobayashi-Sarofim models, respectively. Coal types of (a) 
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(b) Black Thunder, cases A.7 & A.8
Figure 3.12: Ignition delay vs initial furnace temperature. CPD, Kob and Exp refer to the 
CPD model, the Kobayashi-Sarofim model and experimental data [51], respectively. These 
results employ the flame-sheet calculation in the gas phase where (a) Pittsburgh and (b) 
Black Thunder coal types are applied.
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(a) Detailed kinetics, cases B.1 & B.2
(b) Flame-sheet chemistry, cases B.3 & B.4
Figure 3.13: Ignition delay vs particle size for a Pittsburgh coal particle injected into 
12% vol O2 in N2 at 1320 K. The experimental data are shown for the three particle size 




“ The only way to rectify our reasonings is to make them as tangible as those o f the 
Mathematicians, so that we can find our error at a glance, and when there are disputes 
among persons, we can simply say: Let us calculate [calculemus], without further ado, to 
see who is right.”
-Gottfried Wilhelm Leibniz
4.1 Introduction
Among the promising technologies to capture CO2 for subsequent sequestration in new 
and existing coal-fired power plants is oxy-coal combustion. In the process of oxy-coal 
combustion, the oxygen is mixed with recycled flue gas rather than air. Notable difference 
observed in flame pattern and shape between air-fired and oxy-fuel combustors [42]. There 
are three main differences between air-fired and oxy-fuel combustion:
1. The oxygen diluent in air-fired is nitrogen (O2/N 2) but in oxy-coal it is CO2 (O2/C O 2)
2. Heat flux (radiative and convective)
3. Combustion product composition and thermal properties 
The key aspects in the design of oxy-coal systems are [78]:
• To provide sufficient oxygen into the pulverized coal flow to ensure the complete 
ignition and stabilization of the flame
• To assure the ratio of recycled flue gas is optimum for radiative and convective heat 
transfer.
The flue gas recycling ratio has a notable impact on radiant and convective heat transfer. 
Increasing the recycling ratio will increase the convective heat transfer and also move the 
peak of radiative heat flux downstream [87].
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An important benefit of using oxy-coal technology is the reduction of air pollutants. Oxy- 
coal combustion can reduce the NOx emission without decreasing the fuel burnout efficiency 
[94, 2]. The amount of NOx formation under different oxygen concatenation is studied by
[82]. In oxy-fuel combustion processes, different techniques such as reburning, staging and 
low-NOx burning are suggested to control the NOx emission; the biggest disadvantage of 
such techniques is reduction in combustion efficiency [65].
Numerous studies on oxy-coal combustion and gasification physics, in particular the 
ignition delay, flame stability and temperature, flame shape, impacts of oxygen and diluent 
have been undertaken (see, e.g., [68, 29, 51, 14, 34, 62, 36]). Increasing oxygen concentration 
accelerates particle ignition regardless of combustion medium [81]. Various experiments 
have measured the impact of coal type and operating conditions such as composition of 
coal transport medium on flame stand-off and stability [105, 76].
Models to predict the physics of such a system must address the nonlinearly coupled 
processes of particle dynamics, gas-phase thermochemistry, heterogeneous reactions between 
the coal and gas, devolatilization/pyrolysis, vaporization, radiative heat transfer, etc. This 
multiscale (in both space and time) problem poses a significant modeling challenge.
Applying Direct Numerical Simulation (DNS) with detailed gas phase kinetics and coal 
devolatilization models can help improve understanding of ignition and can provide a basis 
for evaluating simpler models. However, it remains prohibitively expensive to perform 
DNS in regimes relevant to practical coal combustion. Reynolds-Averaged Navier-Stokes 
(RANS) equations are a common solution to reduce the computational cost in most en­
gineering practices. RANS is a turbulence model that solves a time-averaged governing 
equation. This model has been applied by numerous researchers to simulate the oxy-coal 
combustion process [46, 8, 106, 10]. In addition, the RANS method is used when radiative 
heat transfer in oxy-coal combustion is the subject of study [104, 39].
A middle ground between DNS and RANS is the Large Eddy Simulation (LES) model 
that resolves only large scales and uses submodels to address the small scales. The applica­
tion of the LES model in oxy-coal combustion simulation is growing due to its reasonable 
computational cost and has been employed by different researchers [16, 24, 68]. [24] 
compared the performance of LES and RANS models in air-fires and oxy-fired combustion. 
They reported that RANS modeling predicts reasonable results for air-fired combustion, 
however, for the oxy-fired combustion its prediction deviated significantly from the ex­
perimental data. In contrast, LES models showed more accurate prediction than RANS, 
wich can be attributed to turbulent representation in this LES model [24]. Using LES
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framework, the direct quadrature method of moments was utilized to address the coal 
combustion/gasification [67, 75]. Furthermore, the oxy-coal combustor studied in this 
chapter is simulated by Pedel [67] using the LES model. Regimes of combustion during 
flame ignition were captured using the LES model. The model also showed the sensitivity 
of the flame stand-off to the stoichiometric ratio [67]. The results reported by [67] showed 
that LES model coupled with the direct quadrature method of moments can predict the 
flame ignition mechanism accurately.
In this work, an Eulerian formulation of the one-dimensional turbulence (ODT) model 
is used. ODT resolves the full range of length and time scales of the continuum (as in DNS) 
but in a single spatial dimension, thereby significantly decreasing the computational cost 
relative to DNS. First proposed by [41], ODT has been successfully applied to a variety 
of turbulent flows, including particle-laden flows [80] and turbulence-chemistry interaction 
including extinction and reignition [73, 49]. Most notable among the assumptions in ODT 
is that the flow field is statistically one-dimensional (implications of this assumption are 
discussed in [74, 93]). In this work, ODT is used to simulate oxy-coal flames and is evaluated 
against experimental data [105, 77].
The aim of this chapter is to assess the effects of system parameters as well as model 
parameters on the prediction of flame stand-off distance in a 40 kW coal combustor [76, 77], 
and to demonstrate the efficacy of the ODT model in modeling turbulent coal combustion. 
The impact of the “eddy rate constant” (which affects the mixing rate in ODT), radiative 
temperature, and primary O2 concentration on the flame stand-off is explored. Furthermore, 
the impact of modeling level in particle and gas phases is studied. Two different models for 
both devolatilization and gas phase chemistry are used. This is the first work of its kind 
that determines flame stand-off distance using detailed kinetic calculation of the gas phase 
fully coupled to a high-fidelity model (CPD) for devolatilization of coal particles.
4.2 System Description
The Oxy-Fuel Combsutor (OFC) modeled in this chapter is located at the University 
of Utah. The OFC is a nominally 100 kW combustor equipped with a recycle system to 
provide conditions similar to an industrial oxy-coal combustor. As shown in Figure 4.1, 
OFC consists of three main zone:
1. Burner zone: This zone includes four windows located in its quadrants that provide 
optical access to the combustion chamber.
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2. Radiant zone: This section is made of ceramic plates that keep the “radiative tem­
perature” uniform and at the desired temperature.
3. Convective zone: This zone is located horizontally in the bottom of the furnace.
A schematic of the coaxial burner is illustrated in Figure 4.2. A picture of the OFC is 
shown in Figure 4.3. Details of the furnace and burner considered here are reported in [77]. 
The downward-fired burner consists of a primary stream with 15.8 mm ID and 21.3 mm 
OD and a secondary stream with 35.05 mm ID.
The velocities of the primary and secondary streams are 6.3 and 14.9 m/s, respectively. 
The composition and temperature of the inlet streams and co-flow are reported in Table 
4.1. In this work, the composition of effluent gas is applied for co-flow1. Illinois # 6  coal 
particles of size 68.5 ^m and density 1450 kg/m3 are fed at a rate of 5.26 kg/hr. The coal 
particles are assumed to have the same temperature and velocity as carrier gas (primary 
stream). The ultimate and proximate analysis of Illinois # 6  coal are reported in [76].
To study the effect of the radiative temperature and mixing rate on the flame stand­
off distance, a parametric study was undertaken, as summarized in Table 4.2. For each 
configuration, approximately 300 realizations are performed to obtain reasonable statistics. 
Temporal and spatial resolutions are 200 ns and 200 ^m, respectively, which yield grid- 
converged statistics for the flame stand-off distance.
The governing equations and models outlined previously are solved using a fully coupled, 
compressible algorithm with an explicit time integration scheme and a second-order finite 
volume spatial discretization. Characteristic boundary conditions [92] are applied on the 
domain boundaries.
4.3 Computational Resources
Simulations are performed using Center for High Performance Computing (CHPC) 
resources specified to CRSim group2. The computational load was handled by two of the 
CHPC machines listed below:
• Ember (Linux version 2.6.32-358.18.1.el6.x86_64 - gcc version 4.4.7 20120313)
• Updraft (Linux version 2.6.18-238.el5 - gcc version 4.1.2 20080704)
1This assumption is motivated by the recirculation of products upstream to the inlet. Although not ideal, 
in the absence of experimental measurement of the near-burner entrained gases this was reasonable.
2Visit https://software.crsim.utah.edu/trac
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4.4 Results and Discussions
The simulation predictions are compared to experimental data where flame stand-off 
distance is used as a metric.
4.4.1 Flame Stand-off Distance Characterization
Characterizing the ignition point and flame stand-off is a challenge in both experiment 
and simulation. Pictures of flames were taken in the experiment to characterize the flame 
stand-off using image processing techniques. A sample picture is given in Figure 4.4.
To find the flame stand-off distance, the first step is to characterize the flame boundaries. 
Figure 4.5 shows the experimental methodology used to identify the flame boundaries 
(discussed in [105]) which can be summarized as:
1. sequence of images taken by a CMOS camera were collected (^6000)
2. pictures are converted to gray scale which makes the pictures an nxm matrix
3. flame edges were defined to be where the intensity gradient is at the maximum. Sobel 
operator is applied to accomplish this task.
4. The average intensity value at the detected edges was used to define a threshold value. 
The threshold value is different in every image.
5. The calculated threshold value was applied to the gray scale image to obtain the flame 
stand-off distance.
These steps were applied to the sequence of approximately 6000 images to obtain a 
Probability Density Function (PDF) for the flame stand-off distance [77].
The simulations do not allow for a direct comparison with experimental data since a 
reliable model for light emission in the spectra captured by the CMOS camera would be a 
significant undertaking. In this work, a simple model based on the local mole fraction of 
acetylene (C2H2) and the gas temperature is used:
Ic2H2 =  XC2H2 x Tg. (4.1)
Acetylene was chosen since it is a soot precursor [20]. With (4.1) as an approximation for 
the light emission intensity, a procedure analogous to the experimental one outlined here is 
used to define the flame stand-off:
• 1C2H2 is determined via (4.1), and the flame edges are defined where the gradient is 
at the maximum.
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• The average / c 2h2 is used to define a threshold value.
• The flame stand-off distance is identified where 1C2H2 first crosses the threshold.
For each simulation listed in Table 4.2, the above procedure is applied to obtain a PDF of 
the flame stand-off distance for comparison with the experimental data.
Figure 4.6 shows the average of normalized volatile ((mv}) and char mass ((mc)) of coal 
particles for case A.3, as well as the relative contribution of char oxidation to the overall 
char consumption rate (the balance being char gasification)3. Figure 4.6 indicates that the 
onset of devolatilization occurs around £ «  0.2 m and that char consumption, dominated 
by gasification reactions, is active beginning at £ «  0.3 m. The vertical bars indicate the 
maximum and minimum values observed among the coal particles at a given location (across 
all ODT realizations), and are due to particle dispersion, which subjects the particles to 
different gas environments.
The ensemble-averaged spatial profiles for a few gas-phase properties for case A.3 are 
shown in Figure 4.7. The gas phase temperature (Figure 4.7a) at the centerline resists 
heating due to the thermal inertia of the coal particles. A volatile cloud starts to form at 
the centerline at £ «  0.25 m, displacing and consuming O2 as the coal temperature increases 
and devolatilization nears completion around £ «  0.45 m. The homogenous oxidation of 
the volatiles at £ «  0.25 — 0.35 m produces OH as an intermediate species as shown in 
Figure 4.7d. The notable production of OH after £ «  0.5 m indicates the homogenous 
reaction (oxidation) of the accumulated fuel at the center of the furnace.
By £ «  0.4 m, homogenous reactions have consumed most of the oxygen in the de­
volatilization region (as evidenced by Figure 4.7b) and the temperatures of the gas and 
particles are high enough that the char reactions become important. Figure 4.6 shows the 
fraction of the char consumption that is due to char oxidation (with the balance due to 
gasification), and indicates that gasification reactions (reaction of char with H2O and CO) 
play a very substantial role in the char consumption. Indeed, Figures. 4.7c and 4.7e indicate 
that the CO2 is largely consumed by char oxidation, being replaced with a substantial 
amount of CO. At £ «  0.45 — 0.6 m the gasification reactions are accountable for 60-80% 
of char consumption. In addition, due to the lack of oxygen around the coal particles after 
£ «  0.45 m the the char oxidation reaction favors CO (rather than CO2) production.
A final observation on Figure 4.6 is that the overlap of char oxidation/gasification 
with devolatilization suggests that these processes should be allowed to occur concurrently
3Space-time mapping was applied using the mean axial velocity (which evolves in time) to determine an 
approximate downstream distance for the ODT line. See [93] for details.
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rather than assumed to occur sequentially, as has been assumed in some proposed modeling 
approaches [97, 34, 36].
Since this work is focused on characterizing flame stand-off distance, the simulation 
predictions at the longer distances, where subsequent mix-out of the rich zone and burnout 
occur, are not discussed herein.
The trajectories of coal particles are predicted using equations (2.14) and (2.15). In 
Figure 4.8 an ensemble average over particle number density for case A.3 is illustrated. 
Considerable homogenous/heterogeneous oxidations at £ «  0.35 m increases the spanwise 
gas phase velocity (v). Therefore, the spanwise particle velocity increases (see (2.15)) and 
disperses the coal particles. In Figure 4.8, particle numbers density after £ «  0.35 m is 
decreased at the center of jet where the coal particles starts to disperse in spanwise (y) 
direction.
4.4.2 Impact of Mixing
As discussed in §2.4, the impact of C as an ODT model parameter is to directly influence 
the eddy frequency (turbulence intensity). This section explores the effect of this parameter 
on the predicted flame stand-off4. Figure 4.9 shows the ensemble averaged streamwise (axial) 
velocity profiles, (u), for different C values at two downstream locations, and provides an 
indication of the effect of C on entrainment.
The coal particle temperature, averaged across all particles and all ODT realization 
at a given downstream length, is illustrated in Figure 4.10 for three values of C . The 
vertical bars indicate the minimum and maximum observed particle temperatures for all 
ODT realizations. An increase in C leads to greater particle dispersion which, for £ < 0.35, 
tends to move some particles into hotter regions (see Figure 4.7). This, in turn, leads to 
earlier ignition and shorter flame standoff distance, as can also be inferred from Figure 4.10.
Figure 4.11 shows the the experimentally observed flame stand-off as well as the results 
for different eddy rate constants (C). The minimum characterized flame stand-off distance 
(i.e., the position of the left-most tail of the PDF) is relatively insensitive to the mixing 
rate, suggesting that the lower-limit for the flame standoff is kinetically controlled. The 
width of PDFs in Figure. 4.11 shrinks as C value increases, consistent with the suggestion 
of a kinetically-limited lower limit for flame standoff around £ =  0.22. Physically, larger 
mixing rates result in higher particle dispersion as well as introduction of hot product gases
4The effect of this parameter on turbulent reacting jets was studied by [74], where C = 10 was suggested 
as a reasonable value.
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into the devolatilization region. As discussed previously (see Figure 4.10), this increases 
the mean particle temperature resulting in higher devolatilization rates and resulting in a 
narrowing of the flame stand-off PDF.
To further establish the relative importance of mixing vs reaction on the flame stand-off 
prediction, the oxygen mole fraction of the jet primary stream was increased from 0 (case 
A.3) to 0.101 (case C.1) while the overall oxygen flow in the jet (primary and secondary 
streams) is kept constant. Other properties such as streams velocity and temperature are 
preserved (see Table 4.1 for details). Figure 4.12 illustrates the effect of the primary stream 
composition on flame stand-off, where the experiment data (dashed line) are for =  0. 
The minimum distance of flame stand-off PDF that represents the kinetic limited ignition is 
not affected by a change in oxygen concentration in the primary stream; further suggesting 
that the minimum flame stand-off is kinetically limited. There is a slight effect of partial 
premixing (x^ 2 = 0.101) on the larger flame stand-off distance, indicating that the effects of 
mixing (for = 0) become more important in determining flame standoff.
4.4.3 Influence of Radiative Temperature
In the particle energy equation, (2.4), an effective radiative temperature is considered as 
the radiation source. To characterize the impact of this effective radiative temperature on 
flame stand-off distance, a range of effective radiative temperatures from 1280 K to 1800 K 
was considered. Figure 4.13 shows the influence of radiative temperature on flame stand-off 
distance. As expected, higher effective radiative temperatures result in a smaller stand-off 
distance. The significant influence of radiative temperature on flame stand-off distance was 
also reported by [68], in which LES of the oxy-coal combustor was performed.
As explained perviously, the shorter distances of PDFs are the flames identified in 
kinetic limited regimes. In Figure 4.13, the shortest distances of PDFs are moving notably 
with changes in radiative temperature that emphasize the dominancy of kinetic limited 
regimes in these distances, whereas mixing rate did not have considerable influence on 
them. Additionally, the PDF width decreases with increasing radiative temperature; this 
can be explained by the rate of volatile release.
Figure 4.14 illustrates the averages of normalized volatile mass in the coal particles at the 
downstream distance where ignition occurs ( (mv| Flame)). The vertical bars indicate the 
range of normalized volatile mass observed at the corresponding flame stand-off distance. 
Of particular significance, Figure 4.14 suggests that there is a minimum devolatilization 
required to achieve ignition and that this amount is nearly constant over a range of radiative 
temperatures, despite the large difference in devolatilization rates at the various radiative
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temperatures. The larger devolatilization rates at higher wall temperatures simply narrow 
the flame stand-off PDF, providing a more uniform ignition.
4.4.4 Models Impact
The level of modeling in gas and coal phase significantly impacts the prediction of 
oxy-coal combustion physics. In Figure 4.15, flame stand-off predictions for the CPD 
model, Kobayashi-Sarofim model (Kob) utilizing detail kinetic (DK) and flame-sheet (FS) 
calculation are illustrated.
As Figure 4.15 presents, utilizing detailed kinetic calculation in the gas phase and CPD 
model in the particle phase provides a satisfactory prediction of flame stand-off distance 
where it almost agrees with experimental data. The Kobayashi-Sarofim model predicts 
longer flame stand-off distance than the CPD model, which can be attributed to the yield 
and composition of volatile produced by the Kobayashi-Sarofim model.
The dotted lines in Figure 4.15 represent the flame stand-off distances predicted by 
using the flame-sheet model calculation for CPD and Kobayashi-Sarofim model. In the 
flame-sheet calculation (discussed in 2 .1.2) , the homogenous reactions of fuel and oxidizer 
are assumed to be infinitely fast, therefore, the mean value of flame stand-off distance is 
decreased notably compared to detail kinetic calculation. Furthermore, the shape of the 
flame stand-off PDF in the flame-sheet calculation is narrower than in the detailed kinetic 
model. This is also consistent with the “mixed-is-burnt” assumption of this model. This 
phenomena is expected to be observed more substantially where the process is reaction 
limited rather than diffusion-mixing limited.
As explained before, there is a minimum of volatile yield required to onset the ignition. 
Hence, it is expected that the minimum flame stand-off distance for the given devolatilization 
model be constant using detail kinetic or flame-sheet calculation, as illustrated in Figure 
4.15. Furthermore, the discrepancy in prediction of flame stand-off distance decreases when 
employing flame-sheet rather than detail kinetic calculation where the reactivity of species 
in the flame-sheet calculation is not accounted and assumed to be equal.
Figure 4.16 shows the contour plots of gas temperature and some species mass fraction in 
the gas phase using flame-sheet calculation. The gas phase temperature rapidly increases at 
I «  0.27 m as shown in Figure 4.16.a due to homogenous reaction of the volatiles. C2H2 can 
be an appropriate representative of volatile in the gas phase (Figure 4.16.b). In addition, 
CO at early stages, before activation of the char oxidation/gasification process can represent 
the released volatile. At I «  0.27 m there is a considerable release of volatile into the gas as 
shown by C2H2 and CO in Figure 4.16.b and Figure 4.16.c, respectively. The rapid decrease
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in oxygen mass fraction also evidences the onset of homogenous reaction at £ «  0.27 m. 
There is a significant increase in CO mass fraction at £ «  0.35 m, mostly produced by char 
oxidation. The char oxidation process fiercely consumes all the accessible oxygen at the 
edge of the flame and releases considerable heat as shown in Figure 4.16.a. Due to lack of 
oxygen at the center of the flame, the char oxidation process is in favor of CO production.
In the flame-sheet calculation, fuel burns as soon as it is mixed with the oxidizer. 
Therefore, there are two main flame limitations:
1. Diffusion/mixing limit: The flame-sheet model uses the “burnt as mixed” idea. Mixing 
will provide fuel with oxidizer for homogenous reactions.
2. Fuel limit: The homogeneous oxidation requires fuel in the gas phase. This fuel can 
be provided by devolatilization and char oxidation (e.g., CO).
The minimum flame stand-off distance represents the fuel limitation in the flame-sheet 
model enforced by the devolatilization model. In other words, a minimum of fuel is required 
in the gas phase to form a flame. The fuel limit is controlled by coal particle submodels as 
well as particle heating rate. The impact of gas chemistry models on the minimum flame 
stand-off distance is negligible. However, parameters affecting particle behavior such as 
radiative-temperature and the devolatilization model can move the minimum flame stand-off 
distance. Radiation heat transfer dominated by the refractory wall is one of the main 
factors influencing the particle heating rate that can change the flame stand-off distance as 
illustrated in Figure 4.17.
In oder to show the insensitivity of the minimum flame stand-off distance to the gas 
chemistry model, flame stand-off distance using detailed kinetic and flame-sheet model 
is predicted at different radiative temperatures. Figure 4.17 shows the flame stand-off 
predicted using Detailed Kinetic (DK) and Flame-Sheet (FS) calculation in the gas phase 
for a radiative temperature of 1280 (4.17.a) and 1800 K (4.17.b). A change in radiative 
temperature influences the particle temperature directly thereby affecting the volatile re­
lease. The flame stand-off PDF predicted by the flame-sheet model becomes narrower 
as the radiative temperature increases. As explained before (4.14), at higher radiative 
temperature, a higher rate of volatile release is expected.
The infinity-fast chemistry calculation in the gas phase not only affects the gas phase 
but also has a significant impact on particle behavior. Figure 4.18 shows the normalized 
volatile and char mass as the particle evolves through the furnace. The solid and dotted 
lines represent utilization of Detailed Kinetic (DK) and Flame-Sheet (FS) calculation in the
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gas phase, respectively. In the flame-sheet model, the homogenous oxidation of volatile is 
infinitely-fast, however, in the detail kinetic model, the oxidation rate depends on the species 
reactivity at given gas temperature. After £ «  0.2 m, particles gain enough temperature 
to release volatile, which is marked as the minimum flame stand-off distance for both gas 
chemistry models in Figure 4.15. Due to faster homogenous oxidation of volatile in the 
flame-sheet, the released energy (of oxidation) increases the particles faster than in detail 
kinetic calculation, thereby, accelerating the devolatilization process and volatile release. 
The char oxidation process is activated at £ «  0.35 m and £ «  0.37 m using flame-sheet and 
detailed kinetic calculation, respectively. However, at £ «  0.5 m the amount of oxidized 
char using detail kinetic exceeds the flame-sheet model, which can be attributed to the 
lack of oxidizer (oxygen) at particle position. In the flame-sheet calculation, homogenous 
oxidation of volatile (and also CO produced by char oxidation) is infinity-fast so that the 
char oxidation process cannot be provided with the same amount of oxygen as in detail 
kinetic calculation. According to what has been explained, using the flame-sheet (infinity- 
fast) model in the gas phase calculation has significant impact on both homogenous and 
heterogenous reactions and changes the fate of coal particle in the combustion/gasification 
process.
The devolatilization model has a notable impact on the flame stand-off shape and 
minimum as illustrated in Figure 4.15. This can be explained by the discrepancy in 
the devolatilization rate and the released species in each model. The impact of species 
reactivity discrepancy is damped in the flame-sheet model, as in this model the reactivity 
of species is assumed to be equal. Figure 4.19a shows the normalized volatile mass using 
the Kobayashi-Sarofim and CPD model. An implication of (2.49) is that the activation 
energies used in the CPD model are initially low and then increase with the releases of 
volatile. However, in the Kobayashi-Sarofim model the activation energy is assumed to be 
constant. Therefore, it can be expected that initial volatile yield of the CPD model will 
be higher than that of the Kobayashi-Sarofim model. Due to this fact, the flame stand-off 
distance predicted by the CPD model is shorter than that of the Kobayashi-Sarofim model.
Figure 4.19b shows the average particles temperature at given furnace lengths. As 
explained before, the initial yield of the CPD model is more than that of the Kobayashi- 
Sarofim model; therefore, a higher energy release due to volatile reaction is expected. Hence, 
the average particle temperature in the CPD model is higher than in the Kobayashi-Sarofim 
model at £ ^  0.35 m. However, after £ «  0.35 m, the volatile yield of the Kobayashi-Sarofim 
model exceeds that of the CPD model as shown in Figure 4.19a. The homogenous reaction
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of the released volatile heats up the particles rapidly where at £ «  0.40 m the average 
particle temperature in the Kobayashi-Sarofim model surpasses that in the CPD model.
To further elaborate on the impact of the devolatilization model, the contour plots of 
gas properties using the Kobayashi-Sarofim model (case E.1) are illustrated in Figure 4.20. 
In Figure 4.20a there is a rapid increase in gas temperature at £ «  0.38 m that is almost 
matched with the mode of flame stand-off distance PDF, as illustrated in Figure 4.15. At 
this length there is also notable production of CO as shown in Figure 4.20b. The oxygen 
consumed considerably at the center of the furnace after £ «  0.42 m can be evidence of 
the char oxidation process. OH as an intermediate species in homogenous oxidation is 
illustrated in Figure 4.15d. The notable formation of OH after £ «  0.4 m also shows the 
considerable homogenous oxidation and indicates the fuel lean limit of the flame. After 
£ «  0.45, due to lack of oxygen at the center of furnace, the OH has almost vanished. 
However, oxygen diffuses into the center of the furnace where it mixes with hot gas and the 
OH being produced during the homogenous oxidation.
4.5 Conclusions
Simulations of oxy-coal flames have been performed using the ODT model. Because the 
ODT model must only resolve the physics in one spatial dimension, it allows incorporation 
of detailed thermochemistry models that would be unaffordable in DNS. The fully coupled 
governing equations in the particle and gas phases including mass, momentum and energy 
are solved with detailed gas-phase kinetics and a high-fidelity devolatilization model (CPD). 
Comparison to experimental data indicate that the model captures the flame standoff 
distance, a key marker of ignition, quite well. Results indicate that char gasification plays 
an important role during the later phases of the devolatilization process after homogeneous 
ignition occurs.
The impact of mixing rate on the flame stand-off prediction and physics of the system 
was also considered. For the cases studied in this chapter, an increase in mixing rate 
decreases the likelihood of ignition at longer distances; however, it does not affect short 
distances, suggesting a kinetically limited lower bound to flame standoff. A study on the 
impact of radiative temperature on simulation prediction is performed. Results show that 
radiative temperature significantly influences flame stand-off distance, modifying both mean 
and PDF shape of flame stand-off. In addition, the simulations performed here consider a 
uniform particle size, and these conclusions must bear that in mind.
The level of modeling in gas and particle phases has significant effect on the fate of 
both phases. In the gas phase the prediction of detailed kinetic and flame-sheet models are
62
compared. The flame stand-off PDF predicted by the flame-sheet model is narrower than 
that in the detailed kinetic, however they share the same minimum flame stand-off distance. 
As explained in the “radiative-temperature” (§4.4.3) study, the minimum flame stand-off 





Figure 4.1: Schematic of OFC. Reproduced with permission from [77].
Figure 4.2: Burner schematic. Adapted from [77].
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Figure 4.3: Picture of the OFC. Reproduced with permission from [76].
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Primary 305 0 .0-0.101 1.0-0.899 0.0
Secondary 489 0.488-0.467 0.512-0.533 0.0
Co-flow 1283 0.048 0.815 0.137










A.l 0.0 0.488 10 1280 Detailed Kinetic CPD
A .2 0.0 0.488 10 1450 Detailed Kinetic CPD
A.3 0.0 0.488 10 1600 Detailed Kinetic CPD
A.4 0.0 0.488 10 1800 Detailed Kinetic CPD
B.l 0.0 0.488 2 1600 Detailed Kinetic CPD
B.2 0.0 0.488 20 1600 Detailed Kinetic CPD
C.l 0.101 0.467 10 1600 Detailed Kinetic CPD
E.l 0.0 0.488 10 1600 Detailed Kinetic Kobayashi-Sarofim
E.2 0.0 0.488 10 1600 Flame-Sheet CPD
E.3 0.0 0.488 10 1600 Flame-Sheet Kobayashi-Sarofim
E.4 0.0 0.488 10 1280 Flame-Sheet CPD
E.5 0.0 0.488 10 1800 Flame-Sheet CPD
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Figure 4.4: A sample picture taken during the experiment. Reproduced with permission 
of [76],
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Figure 4.5: Flame characterization methodology used in the experiment. Reproduced 
with permission of [76].
Figure 4.6: Average of normalized volatile and char mass for case A.3.
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Figure 4.7: Species mole fraction and gas temperature contours for case A.3. a) Gas 
temperature (K). b) O2, c) CO, d) OH, e) CO2 mole fraction.
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Figure 4.8: Particle number density for case A.3
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Figure 4.9: Velocity profiles for case B .1 (C = 2), A.3 (C=10) and B .2 (C=20) (see Table 
4.2). I and II represent t/Dj =  2.5 and t/Dj =  8.5, respectively, where Dj is the primary 
jet inner-diameter. The initial velocity profile is also shown for reference.
£ (m)
Figure 4.10: Averaged particles temperature for cases B .1 (C= 2), A.3 (C=10) and B .2 
(C=20) (see Table 4.2).
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Stand-off Distance (m)
Figure 4.11: Mixing effect on flame stand-off (cases B.1, A.3 and B.2).
Stand-off Distance (m)
Figure 4.12: Effect of primary oxygen concentration on flame stand-off distance (cases 
A.3 and C.1) .
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Figure 4.13: Effect of radiative temperature on flame stand-off (cases A.2 , A.2 , A.3 and 
A.4).




Figure 4.15: Flame stand-off PDFs obtained with both gas phase combustion models and 
both devolatilization models (cases A.3, E.1, E.2 and E.3).
W i d t h  (m) W i d t h  (m)  W i d t h  (m) W i d t h  (m)
(a) Gas Temperature (K) (b) C 2 H 2 mass fraction (c) CO  mass fraction (d) O 2 mass fraction (in flame-sheet
products)
Figure 4.16: Gas properties predicted using flame-sheet, calculation (case E.2). Ensembeled gas phase properties, a) Gas temperature 






Figure 4.17: Flame stand-off PDFs obtained with detailed kinetic and flame-sheet model 
using radiative temperature 1280 and 1800 (cases E.4 and E.5).
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Figure 4.18: Normalized volatile and char mass (Cases A.3 & E.2).
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(a) normalized volatile mass
i  (m )
(b) average particles temperature
Figure 4.19: Devolatilization model impact on the coal particles behavior cases (A.3 and 
E.1). Averaged particle properties a) normalized mass, b) particles temperature (K).
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(a) Temperature (K) (b) CO  mass fraction (c) O 2 mass fraction (d) OH mass fraction
Figure 4.20: Gas properties predicted using Kobayashi-Sarofim model and detailed kinetic calculation (case E.l). Ensembeled 
phase properties, a) Gas phase temperature (K), b) CO mass fraction, c)02  mass fraction, d)OH mass fraction.
CHAPTER 5
CONCLUSION
The coal combustion process is numerically simulated using One-Dimensional Turbu­
lence (ODT) model. Impacts of system and model parameters as well as models complexity 
are studied and the simulation prediction are compared with experimental results. The 
purpose of this work was to simulate the coal combustion in a pilot/large scale combustor. 
To achieve this, different models were implemented through the ODT framework.
In the single particle simulation (Chapter 3), several models for coal particle ignition were 
considered where the simulation predictions are compared to experimental measurements 
available in the literature for two coal types at various furnace temperatures and for several 
particle sizes. Two models for devolatilization (CPD and the Kobayashi-Sarofim model) 
and two for the gas phase chemistry treatment (detailed kinetics and a flame-sheet model) 
were applied. These models essentially trade complexity for cost.
To the author's knowledge, this is the first simulation performed using detailed kinetics 
in the gas phase fully coupled to a high-fidelity model (CPD) for devolatilization of coal 
particles. The CPD model attempts to predict the light-gas evolution for the coal particles.
The results indicate that simpler Kobayashi-Sarofim and flame-sheet models roughly 
capture general trends present in the experimental data, but fail to provide quantitative 
agreement. On the other hand, the CPD model paired with detailed gas-phase chem­
istry provides reasonable agreement with the experimental observations over all reported 
conditions. This suggests that detailed devolatilization and gas-phase chemistry modeling 
are important to provide accurate characterization of ignition delay. This conclusion also 
applies when considering the ability of the models to capture trends when varying furnace 
temperature and particle size.
The amount of volatile produced by each devolatilization model at ignition is compared, 
and varies significantly between the CPD and Kobayashi-Sarofim models, with the CPD 
model showing much more sensitivity to the gas phase temperature in predicting the volatile 
yield at the point of ignition.
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One significant challenge in comparing to experimental data is determining how to define 
ignition in the simulation. This is particularly challenging for the flame-sheet model where 
intermediate species are unavailable for comparison against the emission measurements of 
CH* in the experiment. A rough indication of the sensitivity of the model predictions to 
the definition of the ignition delay are also presented.
In Chapter 4, simulations of oxy-coal flames have been performed using the ODT 
model. Because the ODT model must only resolve the physics in one spatial dimension, 
it allows incorporation of detailed thermochemistry models that would be unaffordable in 
DNS. Comparison to experimental data indicate that the model captures the flame standoff 
distance, a key marker of ignition, quite well. Results indicate that char gasification plays 
an important role during the later phases of the devolatilization process after homogeneous 
ignition occurs.
The impact of mixing rate on the flame stand-off prediction and physics of the system 
were also considered. For the cases studied in this dissertation, an increase in mixing 
rate decreases the likelihood of ignition at longer distances, however, its impact on short 
distances is not considerable, suggesting a kinetically limited lower bound to flame standoff. 
A study on impact of radiative temperature on simulation prediction is performed. Results 
show that radiative temperature significantly influences flame stand-off distance, modifying 
both mean and PDF of flame stand-off shape.
Additionally, the influence of model complexity on flame stand-off prediction was stud­
ied. The infinity-fast chemistry model and detailed kinetic calculation are employed in 
the gas phase and their predictions are compared. In the coal particle phase, CPD and 
Kobayashi-Sarofim models are utilized for devolatilization. The flame-sheet model predicts 
a narrower flame stand-off PDF than the detailed kinetic model. However, it has the same 
minimum distance as the detailed kinetic, confirming the minimum required fuel in the gas 
phase. For the cases explored in this dissertation, the Kobayashi-Sarofim model predicts 
longer flame stand-off than the CPD model, however, the results may vary by changing the 
coal type, particle heating rate, etc. Interestingly, the flame stand-off predictions of these 
devolatilization models become closer using the flame-sheet model in gas phase. Finally, the 
simulations performed in Chapter 4 consider a uniform particle size, and these conclusions 
must bear that in mind.
5.1 Recommendations for Future Work
This work is directed toward development of a prediction tool that simulates a large 
scale coal combustor/gasifier. In this dissertation some parts of this goal were achieved
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by simulating a pilot scale oxy-coal combustor. However, there are many aspect of this 
predicting tool that require further development and investigation. A list of key items that 
require further work are:
• In this work, a reduced mechanism is utilized to address the gas phase chemistry. 
The reduced mechanism enforced some restriction on the simulation prediction such 
as soot production. However, it helped to reduce the computation cost considerably. 
Soot plays an important role in the combustion process and should be considered.
• The main focuse of this work was on the ignition process and regime, however, 
flame behavior after ignition and flame formation is not fully covered. This work, 
provided a reliable infrastructure for further investigation on flame stability, regime, 
extinction/reigntion and etc.
• It is necessary to validate the char oxidation model for further investigation on flame 
physics. In this work, modeling of the devolatilization process is studied in detail 
and the predictions are compared with experimental data. Char oxidation process 
also requires careful study since it governs a major part of particle life time in the 
combustion process.
• The study performed in Chapter 4 showed that the radiation term has a significant 
impact on the simulation prediction. Hence, it suggests a more sophisticated model 
to determine the radiation source terms for the particle. Additionally, considerable 
concentration of CO2 and H2O in the combustion environment affect the radiation. 
Considering radiation source term in the gas phase energy conservation equation (2.4) 
may also alter the simulation prediction notably.
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